Hyperkyphosis is a common spinal disorder in older adults, characterized by excessive forward curvature of the thoracic spine and adverse health outcomes. The etiology of hyperkyphosis has not been firmly established, but may be related to changes that occur with aging in the vertebrae, discs, joints, and muscles, which function as a unit to support the spine. Determining the contribution of genetics to thoracic spine curvature and the degree of genetic sharing among cooccurring measures of spine health may provide insight into the etiology of hyperkyphosis. The purpose of our study was to estimate heritability of thoracic spine curvature using T 4 -T 12 kyphosis (Cobb) angle and genetic correlations between thoracic spine curvature and vertebral fracture, intervertebral disc height narrowing, facet joint osteoarthritis (OA), lumbar spine volumetric bone mineral density (vBMD), and paraspinal muscle area and density, which were all assessed from computed tomography (CT) images. Participants included 2063 women and men in the second and third generation offspring of the original cohort of the Framingham Study. Heritability of kyphosis angle, adjusted for age, sex, and weight, was 54% (95% confidence interval [CI], 43% to 64%). 
Introduction
Hyperkyphosis, or excessive anterior curvature of the thoracic spine, is a commonly recognized condition in older adults, ranging in prevalence from 20% to 40%. (1, 2) Hyperkyphosis is associated with several adverse health outcomes, including reduced physical functioning (3) (4) (5) and mobility, (6) increased risk of falls, (7) decreased lung function, (8) and higher mortality. (2) Studies have identified few risk factors for increased severity of thoracic spine curvature, assessed on radiographs by a kyphosis (Cobb) angle. Lifestyle characteristics, such as smoking, alcohol use, and low levels of physical activity, have not been associated with worsening thoracic spine curvature in older women. (9) However, aging-related changes in the anatomic structures of the spine, particularly loss of height in the vertebral bodies and intervertebral discs, have been consistently associated with thoracic spine curvature severity. (1, 9) For example, women with vertebral fracture have a six-degree higher kyphosis angle and a two-degree increase in kyphosis angle over 15 years compared to those without vertebral fracture. Women with degenerative disc disease have a four-degree higher kyphosis angle than those who do not have disc disease. Yet vertebral fractures and degenerative disc disease explain as little as 12% of the variation in thoracic spine curvature. (9) To illustrate, only one-third of women and men in the Rancho Bernardo Study with kyphosis angle 56 degrees and greater had vertebral fractures. (10) The posterior facet (zygapophyseal) joints function interdependently with the anterior discs, comprising a three-joint complex, or spinal "motion segment." However, the role of degenerative changes in the facet joints in thoracic spine curvature has not yet been reported. Finally, there is some evidence that muscle density (11) and size (12) contribute to thoracic spine curvature severity, and interventions to improve trunk muscle strength have reduced/improved thoracic spine curvature in older women. (13, 14) The role of genetics in the etiology of hyperkyphosis has received little attention. Parental history of dowager's hump has been shown to be associated with greater kyphosis angle, suggesting there may be an inherited component to thoracic spine curvature. (9) A study of 110 monozygotic and 136 dizygotic female twins reported heritability of 61% (95% confidence interval [CI] , 46% to 72%) for thoracic kyphosis. (15) However, there have been no studies of heritability of thoracic spine curvature in extended families, and none have included men.
We hypothesized that development of hyperkyphosis may involve shared biological processes among spine traits that may be genetically regulated. To test this hypothesis, we used CT scans to evaluate spine traits in two generations of families from the Framingham Heart Study, an ongoing, community-based study of older adults. The purpose of our study was to determine the heritability of thoracic spine curvature and quantify the extent of shared genetic variation between thoracic spine curvature and other spine traits, including vertebral fracture, bone mineral density, disc height narrowing, facet joint osteoarthritis (OA), and paraspinal muscle area and density.
Subjects and Methods

Participants
This study includes cohort members of the Framingham Multi-Detector Computed Tomography Study (MDCT), which enrolled the second and third generation cohorts (including spouses) of the original cohort of the Framingham Heart Study. (16) (17) (18) Participants with large numbers of family members in the Framingham Heart Study were invited to enroll in the MDCT Study. Exclusion criteria included pregnancy, weight greater than 320 pounds, and age less than 40 years for women and 35 years for men. (19, 20) A first CT examination was performed in 2002-2005 and a second examination in 2008-2011. The current study is based on assessments of images from the second CT examination. The acquisition in the second CT examination covered a longer length of the spine than the first examination, allowing for evaluation of spine traits in both the thoracic and lumbar spine. (21) These assessments include kyphosis angle, vertebral fracture, disc height narrowing, facet joint OA, and muscle density and area. However, information on volumetric BMD (vBMD) at the lumbar spine was available only from the first CT images acquired in [2002] [2003] [2004] [2005] . (21) The current study included 2063 individuals (aged 37 to 90 years) who had CT images evaluable for kyphosis assessment and attended corresponding study visits for assessment of clinical factors. These study visits occurred in 2005-2008 (cycle 8) for the second generation cohort, and in 2008-2011 (cycle 2) for the third generation cohort. Evaluation of vertebral fracture, disc height narrowing, and facet joint OA was restricted to individuals age 50 years and greater, so analysis of these phenotypes included a subset of 1172 participants.
Participants provided informed consent and the study was approved by institutional review boards at Boston University and Hebrew SeniorLife. 
Kyphosis angle
Two operators were trained according to a standardized protocol to measure kyphosis (Cobb) angle, in degrees, from CT scout images using a semiautomated quantitative algorithm (SpineAnalyzer; Optasia Medical Ltd., Cheadle, UK). The algorithm provided standard six-point morphometry, as well as detailed annotation to define the shape of the vertebrae (Fig. 1) . (22) Based on manual placement of points in the approximate center of the T 4 to L 4 vertebrae, the algorithm identified vertebral body margins, drew contours, and placed points for six-point morphometry. Point placements were adjusted as necessary by the operators. If one or both endplates could not be reliably contoured due to ribs, image quality, or metal artifacts, affected vertebrae were excluded from analysis. We calculated thoracic kyphosis angle, in degrees, as the angle between the superior endplate of T 4 and the inferior endplate of T 12 . Greater kyphosis angle indicates worse, or more severe, forward curvature of the thoracic spine.
To test reliability, two operators repeated measurements of kyphosis angle on the scans of 20 participants on two occasions within a minimum of 2 weeks apart. We calculated intraclass coefficients to obtain interreader correlation, which was 0.97, and intrareader correlation, which was 0.98.
Vertebral fracture, disc height narrowing, and facet joint OA
A single, trained musculoskeletal radiologist used standardized protocols to evaluate presence and severity of three traits, prevalent vertebral fracture, disc height narrowing, and facet joint OA, at each spinal level from T 4 to L 4 . The reader assigned a semiquantitative (SQ) score for each trait: SQ0 = none, SQ1 = mild, SQ2 = moderate, and SQ3 = severe. To evaluate intrareader reliability, the reader was blinded and assessed vertebral fracture, disc height narrowing, and facet joint OA on two separate occasions for 30 individuals. The correlation coefficients for intrareader reliability were 0.76 to 1.00 for vertebral fracture, 0.80 to 1.00 for disc height narrowing, and 0.73 to 1.00 for facet joint OA.
For each individual, we created a summary index for vertebral fracture, disc height narrowing, and facet joint OA, which takes into account the number of levels affected and severity at each level. We summed the SQ scores across all levels (13 levels for vertebral fracture and disc height narrowing, 26 levels (13 for right side and 13 for left side) for facet joint OA. The summary index ranged from 0 to 39 for vertebral fracture and disc height narrowing, and ranged from 0 to 78 for facet joint OA.
Vertebral fracture-The definition of fracture was based on Genant's SQ scale. (23) No fracture (SQ0) was defined as less than 20% reduction in any vertebral height, mild fracture (SQ1) as 20% to 25% reduction in any vertebral height, moderate fracture (SQ2) as 25% to 40% reduction, and severe fracture (SQ3) as more than 40% reduction. (23, 24) Disc height narrowing-We used Videman's approach to evaluate disc height narrowing. (25) No disc height narrowing (SQ0) was defined as a disc height greater than the height of the disc immediately superior, mild disc height narrowing (SQ1) as disc height equal to the height of disc immediately superior, moderate disc height narrowing (SQ2) as disc height less than the height of disc immediately superior, and severe disc height narrowing (SQ3) as vertebral endplates almost in contact. (25) (26) (27) Facet joint OA-We graded facet joint OA bilaterally from T 4 to L 4 using a scale based on criteria described by Pathria and colleagues (28) and Weishaupt and colleagues. (29) No facet joint OA (SQ0) was defined as joint space ≥2 mm, mild degenerative disease (SQ1) as joint space <2 mm and/or small osteophytes and/or mild hypertrophy of the articular process, moderate degenerative disease (SQ2) as joint space <1 mm and/or moderate osteophytes and/or moderate hypertrophy of the articular process and/or mild subarticular bone erosions, and severe degenerative disease (SQ3) as no joint space and/or large osteophytes and/or severe hypertrophy of the articular process and/or severe subarticular bone erosions and/or subchondral cysts and/or vacuum phenomenon in the joints. (30) (31) (32) vBMD
We measured integral vBMD (g/cm 3 ) at L 3 from reconstructed abdominal baseline CT scans acquired in 2002-2005 in combination with lateral scout views using previously published software developed by Lang and colleagues. (33, 34) This was the only spine trait not measured on CT scans acquired in 2008-2011. Interreader and intrareader reliability were based on readings from two trained readers who analyzed scans from 16 participants, repeating measurements on the same set of scans within a minimum of 2 weeks apart.
Interreader and intrareader correlation coefficients were greater than 0.85. (21) Paraspinal muscle area and density
We measured muscle size and attenuation for the paraspinal muscles at the T 7 and T 8 vertebral levels, including the transversospinalis and erector spinae. (35) We spatially filtered each CT scan using a sigma filter to reduce noise while preserving edges and contoured each muscle at the mid-vertebral slice using an established image processing program (Analyze; Biomedical Imaging Resource, Mayo Clinic, Rochester, MN, USA). (36) Muscle size was calculated as the cross-sectional area (CSA; mm 2 ) within the muscle contour using a similar method previously used by Keller and colleagues. (37) Muscle density was calculated as the mean voxel attenuation within the muscle, an area-weighted average of the right and left sides (Hounsfield units [HU] ). We standardized the measurement of muscle density based on a hydroxyapatite phantom (Image Analysis, Inc., Lexington, KY, USA) that was scanned with each participant. Voxels outside the range of −50 to 150 HU were excluded before calculation of cross-sectional area and density to remove voxels of pure fat or bone.
Paraspinal muscle CSA and density were calculated as an area-weighted average of measurements at the transversospinalis and erector spinae. Measures at T 7 and T 8 vertebrae levels were averaged to obtain a single analysis variable for paraspinal muscle CSA and density.
Interreader and intrareader reliability was based on readings from two trained readers who analyzed scans from 16 participants, repeating measurements on the same set of scans within a minimum of 2 weeks apart. The interreader correlation coefficients were 0.96 to 0.98 for paraspinal muscle area and 0.98 to 0.99 for paraspinal muscle density. Intrareader correlation coefficients were 0.99 for paraspinal muscle area and 0.99 to 1.00 for paraspinal muscle density.
Covariates
We used information on age, weight, height, smoking, alcohol consumption, and physical activity assessed by clinical examination or questionnaires administered at study visits (cycle 8 in 2005-2008 for the second generation cohort, cycle 2 in 2008-2011 for the third generation cohort) at, or closest in time, to the CT acquisition. Weight was measured to the nearest 0.5 pound using a balance beam scale and height to the nearest 0.25 inch using a stadiometer. We calculated BMI by dividing weight (kg) by height squared (m 2 ). We defined participants as current smokers if they reported smoking at least one cigarette per day within the past year. Alcohol consumption (ounces per week) was determined by multiplying the average amount of alcohol in a single drink of beer, wine, or spirit by the average number of self-reported drinks per week. Physical activity level was assessed using the physical activity index (unitless), which is based on the average number of hours per day reported by participants performing sedentary, slight, moderate, and heavy levels of physical activity during work and leisure time. (38) If information on weight (n = 5), height (n = 7), BMI (n = 7), smoking status (n = 5), alcohol consumption (n = 348), or physical activity index (n = 
Statistical methods
We used a variance components method to estimate genetic heritability for each spine trait. This approach partitions the phenotypic variation into additive genetic and environmental components based on the observed covariance in the trait among family members , where 2Φ is the coefficient of relationship estimated from the pedigree and I is an identity matrix. (39, 40) We used bivariate models to quantify the amount of shared phenotypic variation that can be attributed to either shared genetic or environmental determinants. We estimated genetic correlations (ρ G ) and environmental correlations (ρ E ) between kyphosis angle and each spine trait based on , where ρ P is the phenotypic correlation between traits, and h 1 2 and h 2 2 are the heritability estimates for trait 1 and trait 2, respectively. (41) Heritability estimates, genetic correlations, and environmental correlations were adjusted for age, sex, and weight. We repeated the analysis with additional adjustment for current and previous height, BMI, smoking, physical activity, and alcohol consumption. Further, we included an age 2 term to evaluate a potential nonlinear effect of age. However, results were unchanged, so we provided results for the parsimonious model. We considered each trait as an independent feature related to kyphosis biology. We therefore set the threshold for statistical significance at α = 0.05. Analyses were conducted using SOLAR (San Antonio, TX, USA). (42) 
Results
This study included 2063 individuals, 1011 women and 1052 men (Table 1 ). There were 870 participants in the second generation cohort and 1193 participants in the third generation cohort. The study sample included 578 families with mean size 4 ± 6 members (range, 1 to 95 members). There were 194 families that included second and third generation participants, 182 families that included second generation participants only, and 202 families that included third generation participants only. Mean age was 59 ± 11 years and ranged from 37 to 90 years. Mean kyphosis angle was 34.0 ± 9.6 degrees (range, 1.0 to 70.6 degrees) and increased with age ( Fig. 2) .
We estimated the unadjusted heritability of kyphosis angle to be 0.41 (95% CI, 0.30 to 0.51) ( Environmental correlation between kyphosis angle and facet joint OA was strongest among all traits considered ( , 0.28; 95% CI, 0.05 to 0.51). Environmental correlations between kyphosis angle and vertebral fracture, disc height narrowing, vBMD, paraspinal muscle density and area were low .
Discussion
This study has two main findings that advance our understanding of the determinants of forward thoracic spine curvature. First, we found strong evidence of the influence of heredity on kyphosis. Specifically, we found that 54% (95% CI, 43% to 64%) of the variation in thoracic spine curvature (as measured by the kyphosis, or Cobb angle) in older adults is under genetic control. The only other report of heritability of thoracic spine curvature is a twin study, which reported an estimate of 61% (95% CI, 46% to 72%). This was higher than our estimate of 54% (95% CI, 43% to 64%) based on extended families in a community-based cohort including both women and men. Twin studies may potentially overestimate heritability due to strong sharing of environmental factors between twins. (15, 43) A second important finding from our study is that genetic determinants of thoracic spine curvature may also be responsible for decline in thoracic spine muscle size, loss of vertebral bone density, and increased prevalence of vertebral fracture. Genetic correlations between traits may reflect biological and functional interactions at the gene level.
Our finding of a moderate genetic correlation, −0.46 (95% CI, −0.67 to −0.26), between kyphosis angle and paraspinal muscle area is consistent with other studies showing genetic correlations ranging from 0.28 to 0.69 between different measures of muscle size and skeletal traits, including bone size, both in humans and animal models. (44) Muscle size in the lower extremities has been shown to have an effect on muscle strength and physical function. (45) (46) (47) The same may be true for the thoracic spine, where larger muscle size may be an indicator of increased muscle strength and capacity to stabilize the spine, which would decrease the risk of excessive thoracic spine curvature.
Although we found a shared hereditary component between thoracic spine curvature and muscle size, we found little genetic correlation between thoracic spine curvature and muscle density. Further, we found the environmental correlation between thoracic spine curvature and muscle density was two times larger than the environmental correlation between kyphosis angle and muscle area. This suggests that the shared determinants between thoracic spine curvature and muscle size are more likely to be genetic, whereas the shared determinants between thoracic spine curvature and muscle density may be mostly nongenetic in nature. Environmental factors, such as strength training, can decrease fatty infiltration (increase density) in the muscle without changing the size (area) of the muscle, as shown in intervention studies of resistance training in elders. (48) Regular physical activity may prevent loss of muscle strength and increase muscle density in older adults, (49) and there is some evidence that exercise may improve hyperkyphosis. (14) We found that the genetic determinants of thoracic curvature may also be responsible for loss of vertebral bone density and increased prevalence of vertebral fracture. The Study of Osteoporotic Fractures (SOF) showed that vertebral fracture and low bone density, but not degenerative disc disease, independently increase severity of kyphosis as well as progression of kyphosis. (9) In particular, thoracic spine fractures are more strongly associated with kyphosis than lumbar spine fractures. (50) Biomechanical models of stress on the spine have suggested that vertebral wedging may increase as BMD decreases, leading to greater kyphosis. (51) As a result, vertebral fractures and lower vBMD may confer reduced structural integrity within the spinal column, decreasing the capacity of the spine to withstand load, leading to greater kyphosis.
We found little evidence for a shared genetic predisposition between kyphosis and intervertebral disc degeneration. In addition to the vertebral bodies, the intervertebral discs are the major contributors to the length and shape of the spinal column. Degenerative disc disease, particularly anterior disc height loss, has been associated with increased severity of kyphosis in several studies. (9, 52, 53) Although disc degeneration may increase risk of kyphosis, low genetic correlation between kyphosis and disc degeneration suggests there may be few shared molecular mechanisms. This is supported by results from SOF, showing vertebral fracture and decreased BMD, but not disc degeneration, predicts kyphosis progression over 15 years independently of other risk factors. (9) We found little evidence of genetic correlation, but did observe moderate environmental correlation, between kyphosis and facet joint OA. Because the facet joints and intervertebral discs are part of the same spinal "motion segment," facet joint OA is often observed in concert with degenerative disc disease. (54) Several studies have shown that degenerative changes in the intervertebral discs may occur at an earlier age and precede development of facet joint OA. (55) (56) (57) Our results imply that neither disc degeneration nor facet joint OA share genetic contributions to kyphosis. However, both kyphosis and facet joint OA have been associated with lower paraspinal muscle density. (11, 58, 59) Thus, the environmental correlation between kyphosis and facet joint OA that we observed may be due to common environmental factors, such as exercise, that can increase muscle density and confer protection against kyphosis and facet joint OA.
This is the first study to comprehensively consider together the structural components of the spine, including the vertebral bodies, intervertebral discs, facet joints, and spinal muscle. Further, we used state-of-the-art quantitative CT to evaluate spine traits, based on standardized, validated measures with high reliability. A summary index was used to represent the severity and number of affected spinal levels providing an overall burden of vertebral fracture, disc height narrowing, and facet joint OA for both the thoracic and lumbar spine. Although vertebral fracture and disc height narrowing have been previously evaluated in studies of hyperkyphosis, this is the first investigation to include facet joint OA. Finally, we evaluated a comprehensive set of potential confounders that were ascertained by comprehensive clinical examinations.
Our study has limitations that warrant consideration in the interpretation of results. Evaluation of vBMD was conducted 6 years prior to the other assessments, and vBMD was missing in 4% of the sample. As a result, we may have underestimated phenotypic, genotypic, and environmental correlations for vBMD. However, the overall distribution of vBMD was unlikely to have differed between study visits or with or without the missing data, so that estimates of heritability were not likely to have been affected. Also, the largely European ancestry of the Framingham Study restricts the ability to apply our findings to other race and ethnic groups. (60, 61) A final concern is that collider bias and multiple testing may have affected our results. Adjustment for strongly heritable traits, such as weight, may have introduced collider bias, thereby overestimating heritability and genetic correlations. (62) However, phenotypic and genotypic correlations between kyphosis angle and weight were small. As a result, collider bias was not likely to have had a strong effect on our estimates. We evaluated associations between kyphosis angle and six spine traits, so it is possible that multiple testing may have resulted in false-positive findings. We considered each of the six spine traits tested (vBMD, vertebral fracture, disc height narrowing, facet joint OA, muscle density, and muscle area) as independent traits related to thoracic spine curvature. However, it is possible that underlying mechanisms that link these spine traits to thoracic spine curvature may be correlated. Applying a conservative Bonferroni correction to adjust for six non-independent tests would lower the threshold for statistical significance to α = 0.05/6 = 0.01. Under this more stringent threshold, all tests that met statistical significance at the less stringent α level would remain statistically significant with the exception of genetic correlation between thoracic spine curvature and vBMD.
In conclusion, we found that severity of thoracic spine curvature is heritable and may share genetic factors involved in age-related bone and muscle loss. Better understanding of the molecular processes underlying shared genetic variation among spine traits may provide biological insights into the etiology of hyperkyphosis and related spine conditions. 
